• The duration of blood flow through the ductus arteriosus in normal newborn animals is not known. However, patency of the ductus for the first few days after birth is probable since a continuous murmur is frequently heard on auscultation of the chest during this period, 1 " 5 and in a few instances a left to right shunt has been demonstrated by blood oxygen analysis 1 -or cineangiocardiography." In necropsy studies the time of anatomical closure of the ductus arteriosus has been found to vary in different species, occurring about 24 hours after birth in guinea pigs," about 15 to 18 days after birth in puppies," and from one to eight weeks after birth in human infants. 0 "" The purpose of the present study was to assess the duration of functional patency of the ductus arteriosus in the living animal by observing the frequency and time of occurrence of continuous murmurs in a large group of normal newborn swine. The relationship of murmurs heard to the pressure gradient between the systemic and pulmonary circulation and to the anatomical state of the ductus at necropsy was also examined.
Methods
Auscultation of the chest by stethoscope was done one or more times on 206 Yorkshire and Yorkshire Landrace crossed swine from 28 litters: 134 animals wvrv tnken from 18 litters following normal parturition und 72 came from 10 litters delivered by Caesarian section at or close to term. A total of 641 separate observations was made between birth and 18 days of age, of which 327 were made on 133 animals in the first eight hours of life. All examinations were carried out in a warm environment (about 25° C) without sedation.
From the group examined, 44 animals were selected for internal sound recordings with a phonocatheter and for measurement of right ventricular and aortic pressures. Following sedation with in trn venous pentobarbital sodium (6 to 18 mg per kg body weight), the animal was placed in the dorsal position and standard eleetrocardiographic limb leads were applied with needle electrodes. Originally it had been hoped to measure the pressure in the pulmonary artery directly and to use the phonoentheter as a sensitive method for detecting continuous murmurs at this site 12 hut attempts to catheterize the pulmonary artery from the right heart proved unsuccessful. Soft polyethylene catheters were passed to the dorsal aorta from the umbilical or femoral artery and to the right ventricle from the right external jugular vein and pressures were recorded at the two sites simultaneously or in rapid succession. Tn three instances, the right ventricle was not entered with the catheter and pressures were obtained by percutaneous puncture of the thorax. The phonocatheter with a barium titanate crystal at its tip was introduced by the umbilical or femoral artery and advanced up the aorta until resistance was encountered and noise artifact heard with the stethophones. Tt was then withdrawn slowly and if a murmur was detected, the phonocatheter was manipulated until it lay at the site of maximum intensity of the murmur where a recording was made. If no murmur was heard, it was placed where heart sounds were loudest and a recording made. Sound tracings with the phonocatheter were followed by or recorded simultaneously with an external phonocardiogram, the microphone beingplaced on the surface of the left chest at the site of maximum intensity of the heart sounds or murmur. In most instances, only a single set of sound and pressure recordings were made but in one animal observations were repeated after six hours. Rectal temperature and respirations were monitored throughout each study and external heating was used to counter any detectible fall in body temperature. Throughout the experiment the animals respired room air spontaneously through the natural airwav. Initially pressure measurements were made from capacitance eleetroinanometers on a direct writing recorder* while phonoeardiograms were made on a two-channel photographic recorder with an electrocardiographie reference.-)-In the latter part of the study a multi-channel photographic instrument:): was used for simultaneous pressure and sound recording-.
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The size of the ductus arteriosus was assessed at necropsy in 56 swine including the 44 animals studied by eatheterization procedures. At the completion of the investigations the animal was destroyed with intravenous pcntobarbital sodium and the chest was opened. The position of the phonocatheter crystal, if present, was noted in relation to the ductus arteriosus and the anatomical size of the ductus was gauged by passing a 2 mm probe through it from the main pulmonary artery. The ductus was graded as snug if the probe was gripped tightly, small if the pulmonary orifice of the ductus was eonti-acted but the probe passed without difficulty and moderate if the orifice was not contracted and the probe passed freely. If the ductus would not admit the probe it was considered closed. As shown in table 1, the duetus was closed in three swine aged 12 to 14 days and patent in the remaining 53. A moderate-sized ductus was found in 19 swine under eight hours of age and in two between eight and 24 hours. The ductus was small in 11 animals between five and 60 hours after birth and it was snug in 21 animals ranging in age from 12 hours to 14 days. As a rule, major constriction of the ductus was evident within 24 hours of birth although final closure was not complete for about two weeks.
*Snnborn polyviso recorder. tSanborii Twin Beam. $ Electronics for Medicine.
Results
AUSCULTATION OF THE HEART
Three types of cardiac murmur were distinguished on auscultation. The continuous murmur extended through systole well into diastole with peak intensity at the second heart sound and closely resembled the murmur of patent ductus arteriosus with left to right shunt heard in humans ( fig. 1 ). Tt M r as most common in the first six hours after birth, being present in nearly half of the animals examined. The crescendo systolic murmur was similar in quality to the continuous murmur reaching peak intensity in late sj'Stole but it terminated close to the second sound with no diastolic component ( fig. 2 ). It was less frequent than the continuous murmur but was noted in 5% to 10% of swine examined at each time period between birth and 24 liours. Both the continuous and crescendo systolic murmurs were occasionally heard in older animals; in five of seven animals from one litter crescendo systolic murmurs were present on the fifth day and in another instance a continuous murmur was detected as late as the tenth day. The third murmur, an early systolic murmur, varied in length from the first third to the first two-thirds of systole ending appreciably before the second heart sound ( fig. 3 ). In some instances it had a rougher ejection quality while in others it was high pitched and blowing without mid- Continuous murmur (CM) recorded in chest phono cardioyram five hours after birth. (S, = first heart sound; S 2 = second heart sound.) systolic accentuation. This murmur was commonly encountered at all periods of observation from birth up to seven days; however, the early systolic murmurs heard after 24 hours tended to be shorter and softer than those noted in earlier observations, and in some instances they disappeared with slowing of the heart rate. It was common for more than one type of murmur to be heard at different times in the same animal. Usually a continuous murmur gave way to a crescendo systolic murmur or early systolic murmur but in some instances, particularly in the first few hours after birth, a continuous murmur was preceded by either an early systolic or crescendo systolic murmur. The site of maximum intensity of all three murmurs was over the left anterior portion of the chest, ventromedial to the left forelimb. The intensity of the murmurs often decreased with inactivity or a fall in body temperature and in one instance a moderately loud continuous murmur disappeared abruptly during auscultation for no apparent reason. The importance of a warm environment was illustrated by three swine in which a continuous murmur developed within minutes of warming the animal from a subnormal temperature.
The relative frequency of the three murmurs at different time intervals between birth and 18 days is shown in figure 4 . No murmur was heard in most animals examined within 10 minutes of birth, but by 30 minutes, one of the three murmurs was audible in over Crescendo systolic murmur (CSM) recorded in chest phonocardiogrum 5% hours after birth in sarnie animal as in figure . 1. Internal jthonocatheter tracing from aorta adjacent to duct uti arteriosus shoivs long systolic murmur without accentuation in late systole.
50% of cases and by two hours nearly all the animals had murmurs. After four hours the incidence of murmurs decreased and after the seventh day a murmur was encountered in only one of the 34 swine examined. The anatomical size of the ductus was known in 56 of the swine in which auscultation was carried out prior to necropsy. In the 20 animals with murmurs of any sort, the ductus was moderately large in 11 and small in two of those with continuous murmurs, moderate in all three with crescendo systolic murmurs, and small in one and snug in three of those with early systolic murmurs. In the 36 swine in which no murmur was present immediately before the animal was destroyed the size of the ductus was moderate in seven, small in eight, snug in 18 and closed in three.
INTERNAL SOUND RECORDINGS
Satisfactory internal sound recordings were obtained in 37 swine studied between birth and 14 days of age including duplicate observations on one animal. The results are listed in table 2 together with the findings on auscultation of the chest at that time, the systolic pressure gradient across the ductus, the anatomical assessment of ductal size and the position of the phonocatheter at necropsy. Short early systolic murmur (SM) in dies/ phonocardiogram and longer systolic murmur in internal phonocardiogram from thoracic aorta 70 hours after birth.
A continuous murmur was recorded with the phonocatheter in four swine under six hours of age and at necropsy the microphone was found to lie in the pulmonary artery of three and in the ductus arteriosus of one. When the phonoeatheter was withdrawn two to three cm during life the continuous murmur was replaced by a long systolic murmur in the internal sound recording but the murmurs heard on auscultation of the chest were not altered.
In the remaining swine a systolic murmur was detected with the phonocatheter in all those studied within six hours of birth and in a decreasing proportion thereafter. The systolic murmur was loud and filled most of systole in the younger animals but in those over 12 hours of age it was noticeably softer and shorter. It did not correlate with the findings on auscultation of the chest at the same time since in some instances continuous, crescendo systolic or early systolic murmurs were present while in others no murmur was heard. Xo murmur was detected with the phonocatheter or on auscultation in eight of 1!) swine examined between seven and 70 hours or in the two animals aged 14 days although good records of heart sounds were Relative incidence of continuous, crescendo systolic and early systolic murmurs on auscultation of 206 swine examined between birth and li idays.
obtained in most cases. At necropsy the phonocatheter microphone which had been placed at the site of maximum intensity of the systolic murmur or heart sounds was found in the thoracic aorta adjacent to the origin of the ductus arteriosus in all but two cases. These two cases are of particular interest because the phonocatheter had passed through the ductus into the main pulmonary artery, yet the murmur recorded was not continuous but terminated close to the second heart sound with peak intensity about mid-systole ( fig. 5 ). On external examination at the same time an early systolic murmur was present in one animal aged 15 hours and no murmur was heard in the other aged 7% hours.
RIGHT VENTRICULAR AND AORTIC PRESSURES
Comparison of the right ventricular and aortic pressures was obtained in 35 swine examined between 15 minutes and 14 days of age ( fig. 6 ). Considerable variation of pressures between animals was noted but in general the data suggested that during the first two weeks of life aortic pressure rises slightly and the right ventricular pressure gradually falls, resulting in a progressively increasing systolic gradient between the systemic, and pulmonary circulation. The diastolic gradient could not be estimated. No direct relationship other than that accounted for by the age of the animal could be established between the pressures recorded and the findings on auscultation at that time or the size of the Chest phonocardiograim shotting faint systolic murmur (ESM) and phonocatheter tracing from main pulmonary artery showing systolic murmur with peak intensity about mid-systole 15 hours after birth.
tended to be as large or larger than in those with continuous murmurs.
Discussion
The natural historj' of murmurs in newborn animals has not previously been described in detail although continuous murmurs have been noted from the age of 30 minutes to two days in lambs, 13 for at least 12 hours in calves and foals 3 and at 24 hours in the puppy. 2 Crescendo and early systolic murmurs have not been reported in animals but have been heard in human newborns, 4-5 their origin being in doubt. The present study indicates the high incidence of murmurs in newborn swine during the first week of life and in particular the frequent occurrence of continuous and crescendo systolic murmurs within six hours of birth. Continuous and crescendo systolic murmurs were often noted to replace one
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FIGURE 6
Relation of aortic, and right ventricular pretmnrest to age in 35 newborn swine.
another in the first six hours and, in most instances, were in turn replaced by an early systolic murmur which decreased in duration and intensity over several days. This pattern of auscultatory phenomena suggested that the three murmurs might be inter-related. Since the continuous murmur undoubtedly represents left-to-right shunt through the ductus arteriosus, it seems reasonable to speculate that the crescendo and early systolic murmurs are part of a spectrum of murmurs arising from the ductus under different conditions.
Internal sound recording with the phonocatheter tended to support the concept that more than one murmur may arise from the ductus arteriosus. In four animals less than six hours of age the phouocatheter passed through the ductus and a classical continuous murmur was noted in the pulmonary artery. However, in the two older animals in which the pulmonary artery was entered a systolic murmur was recorded. Absence of the diastolic component of the murmur was not likely due to balanced pressures in these two cases since in one the aortic and right ventricular pressures recorded at the time were 90/50 and 50/0 mm Hg respectively. It is of importance that in one animal with a continuous murmur in the pulmonary artery there was no murmur detected on auscultation of the chest, indicating that a left-to-right shunt through the ductus may exist without external signs.
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When the phonocatheter failed to pass through the ductus a systolic murmur was recorded in the thoracic aorta in the region of the ductus in all animals studied within six hours of birth. After six hours the length and intensity of the systolic murmur tended to diminish and in an increasing proportion of: the animals no murmur was detected.
The origin of the systolic murmur recorded in the thoracic aorta is uncertain but the available evidence favors a close relation to patency of the duct us arteriosus. Firstly, when the phonocatheter was manipulated to tlu 1 site of maximum intensity of the murmur, the microphone was always found to lie opposite the mouth of the ductus. Secondly, in two swine in which a continuous murmur was recorded in the main pulmonary artery, withdrawal of the phonocatheter over a distance calculated to place the tip in the aorta was associated with replacement of the continuous murmur by a systolic murmur. Thirdly, in all swine in which a continuous, cre'scendo systolic or early systolic murmur was heard on auscultation of the chest, a systolic murmur was recorded at the same time in the aorta with the phonocatheter and the length and intensity of this murmur decreased with age as did the systolic murmurs on external examination. In some animals, a systolic murmur was detected with the phonocatheter when a murmur was no longer audible externally. Finally, in studies to be reported, when alterations in hemodynamics were induced by hypoxia, change in body temperature or infusion of norepinephrine, the disappearance and reappearance of the continuous murmur on external examination were associated with a simultaneous corresponding change in the intensity and length of the systolic murmur recorded in the aorta with the phonocatheter. Mitral incompetence must be considered as an alternative explanation for the systolic murmur in some cases since birth asphyxia can produce left ventricular failure, and incompetence of the mitral valve has been demonstrated by one of us with dye dilution techniques in newborn swine following experimentally induced hypoxia.
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It was not possible to demonstrate what factors were responsible for the appearance and disappearance of the different murmurs detected in the neonatal period. The anatomical state of the ductus arteriosus at necropsy failed to explain the findings on auscultation during life and seemed more closely related to the age of the animal. Up to six hours from birth the ductus was always moderate or small in size at necropsy, yet in some animals* no murmur was detected, while in others, continuous, crescendo systolic or early systolic murmurs were heard. In the older swine in which the ductus was snug or small at necropsy an early systolic murmur or no murmur was heard during life and in the three swine aged 12 to 14 days with a closed ductus no murmur was detected. It should be emphasized, however, that the findings at necropsy may not accurately reflect the size of the ductal lumen in the living animal particularly in the first few hours after birth, since factors which normally constrict the ductus before anatomical obliteration takes place may be reversed by the method of destroying the animal.
Nor was it possible to attribute the changing auseultatory findings in newborn swine to the relative pressures in the pulmonary and systemic circulation. In general the continuous and crescendo systolic murmurs were heard soon after birth when the systolic pressure gradient across the duetus was least, but balanced aortic and right ventricular systolic pressures were not encountered in these animals nor in those in which no murmur, or an early systolic murmur was detected. Although the pressure data provide only an indirect estimate of the systolic gradient across the ductus, their significance is enhanced since the slight rise in aortic pressure and gradual decline in right ventricular systolic pressure between birth and 14 days simulates the observations of others in puppies, 2 calves, 3 lambs, and newborn infants."
The apparent lack of relation of ductal murmurs to the relative pressures in the systemic and pulmonary circulation and to the size of the ductal lumen at necropsy raises 92 EVANS, ROWE, DOWNIE, ROWSELL the possibility that active constriction of this muscular communication during life is the mechanism which determines the type of murmur generated and that the gradation of murmurs from continuous to crescendo systolic to early systolic reflects a progressive increase in the force of constriction of the ductus in relation to the aortic pressure pulse. The short period immediately after birth during which no murmur was detected might be explained by a transient intense constriction of the ductus but is more likely due to low velocity of blood flow through the ductus resulting from complete lack of constriction of the ductus and from the relatively small pressure gradient between the systemic and pulmonary circulation at this time. In support of this speculation Dawes et al. 1 found that no murmur emanated from the ductus of lambs studied in the fetal state unless the lumen was narrowed.
Summary
The natural history of murmurs arising from the ductus arteriosus was investigated in normal newborn swine and compared with observations in other animals and infants at term. Auscultation of 206 swine examined between birth and two weeks of age revealed a high incidence of continuous murmurs in the first six hours of life, crescendo systolic murmurs in 5% to 10% of animals during the first 24 hours and early systolic murmurs in a large proportion of the animals throughout the first week. Absence of a murmur was rare one to two hours after birth but, by 24 hours, less than 50% of the swine had murmurs of any type and after one week only one of 34 animals studied had a murmur. The continuous murmur was often preceded or followed by a crescendo systolic or early systolic murmur and it is proposed that all three murmurs arise from the duetus arteriosus under different conditions.
Internal sound recordings with a phonocatheter in the thoracic aorta demonstrated a systolic murmur loudest at the orifice of the ductus arteriosus in all swine in the first six hours of life and in a decreasing proportion of animals thereafter. Evidence is presented to suggest that this murmur is closely linked to patency of the ductus arteriosus but is different in origin from che murmur normally heard on auscultation of the chest. In four animals under six hours of age the phonocatheter passed through the ductus into the pulmonary artery and a continuous murmur was recorded. In two older swine the phonocatheter traversed the ductus but in these cases the murmur in the main pulmonary artery was confined to systole.
Since the occurrence of the different murmurs could not be satisfactorily explained on the basis of the systolic pressure gradient across the ductus nor on the basis of the anatomical size of the ductus at necropsy, it is postulated that the type of murmur generated is a reflection of the degree of narrowing of the lumen of the ductus produced bj' active constriction of its muscular wall during life.
